Mineral assemblages of sulfides in the mantle peridotite xenoliths embedded in the alkali basalts of the Kurose reef, northern Kyushu, Japan and the chemical compositions of the mineral assemblages are described. Sulfides occur as 1) inclusions and 2) interstitial sulfides in olivine or pyroxene. The mineral assemblages of sulfides that occur as inclusions are pentlandite, pentlandite + chalcopyrite, pentlandite + bornite, monosulfide solid solution (mss) + chalcopyrite ± pentlandite, pentlandite + pyrrhotite, and millerite; and the mineral assemblage of sulfides as interstitial sulfides is pyrrhotite + pentlandite + chalcopyrite. The contents of Ni, Fe, and S in pentlandite are 22.91 -33.45, 18.77 -28.82, and 46.57 -48.31 at%, respectively. The chemical composition of mss is variable. On the basis of the crystallization temperature of olivine and/or pyroxene and the phase relationship between the Fe -Ni -S and the Fe -Cu -S systems, it can be inferred that the mineral assemblage of mss + chalcopyrite ± pentlandite found in olivine is considered to have been initially trapped as a solid -phase Cu -bearing mss and that the other mineral assemblages were trapped as a sulfide liquid. The diversity of mineral assemblages of sulfides in the mantle peridotite xenoliths and the various chemical compositions of the mineral assemblages are due to timing of differential crystallization of mss and its capture in silicate minerals. It can also be inferred that the chemical composition of the initial sulfide liquid in the Kurose lherzolite is the S -poor portion of the Cu -bearing mss. This suggests that initial sulfide liquids in the upper mantle might have similar compositions.
INTRODUCTION
Mantle peridotite generally contains Fe -Ni -Cu sulfides as accessory minerals, e.g., pentlandite, pyrrhotite, and chalcopyrite. With the help of phase diagrams that have been determined experimentally (e.g., Craig and Kullerud, 1969; Kullerud et al., 1969; Ebel and Naldrett, 1996) , the mineral assemblages and chemical compositions of sulfides can be used to clarify the crystallization and subsolidus histories of sulfides, especially at low temperatures, after the solidification of silicate minerals. Recently, sulfides in mantle peridotite xenoliths obtained from different locations have been examined to trace their crystallization and subsolidus histories (e.g., Szabó and Bodnar, 1995; Shaw, 1997; Lorand and Gregoire, 2006) .
The occurrence of mantle peridotite xenoliths at various locations in the Japanese island -arc system has been reported. The mineralogy and petrology of peridotite have been extensively investigated by Abe et al. (1992 Abe et al. ( , 2003 , Arai et al. (2006) , and others. However, sulfide minerals in the peridotite have not been extensively studied, except for those obtained from the Ichinomegata (Kitakaze et al., 1999) and the Takashima area (Arai et al., 2001) . In this paper, we describe mineral assemblages of sulfides in peridotite xenoliths in alkali basaltic lavas of the Kurose reef in the Genkai -jima, northern Kyushu, Japan and the chemical compositions of the mineral assemblages. We also discuss the crystallization processes and the evolution of sulfide liquids in the mantle. In our knowledge, this short paper is the first report that describes sulfide minerals in mantle xenoliths of the Kurose reef.
SAMPLES
The Kurose reef is located on the northern shore of Genkai -jima, Fukuoka, northern Kyushu (Fig. 1) . The geology of Genkai -jima mainly comprises Cretaceous granite; the alkali basalts erupted in this region at 1.1 Ma (Uto et al., 1993) . The Kurose basaltic lava contains many peridotite xenoliths, and about 90% of the peridotite is identified as harzburgite and lherzolite, each having diameters of up to 30 cm (Arai et al., 2001 ). Samples of lherzolite, which is essentially composed of olivine with accessory pyroxene and spinel, are examined in this study. The content of sulfide minerals in the lherzolite samples are <0.1 vol%. The Fo# of olivine is 90.3 -90.7; this value is in accordance with the value obtained in a previous study of Kurose samples (Arai et al., 2001 ). Abe and Arai (2005) revealed that these peridotites were formed at temperatures between 900 and 1100 °C.
OCCURRENCE OF SULFIDE MINERALS
Sulfide minerals in the studied xenoliths are dominated by pentlandite and contain lesser amounts of chalcopyrite, bornite, monosulfide solid solution (mss), pyrrhotite, and millerite. Sulfides mostly occur as inclusions or interstitial sulfides in olivine or pyroxene. Sulfide inclusions are trapped as discrete grains ( Figs. 2A and 2B ), or as a series of grains like a trail (Fig. 2C) in single crystals such as olivine. The diameters of these inclusions are mainly <10 μm, but may range up to 30 μm. Sulfide inclusions are hosted mostly in olivine and rarely in pyroxene. The major mineral assemblages of sulfide inclusions are pentlandite, pentlandite + chalcopyrite, and pentlandite + bornite; the minor assemblages are mss + chalcopyrite ± pentlandite, pentlandite + pyrrhotite, pentlandite + chalcopyrite ± pyrrhotite, and millerite. The amount of chalcopyrite or bornite in these inclusions is less than the amount of pentlandite. Cu -Fe -S minerals mainly occur at the rim of sulfide inclusions, and interstitial sulfides occur along the grain boundaries of silicate crystals such as olivine (Fig. 2D ). The diameter of interstitial sulfides is approximately 50 μm, and their mineral assemblage is pyrrhotite + pentlandite + chalcopyrite. The amount of chalcopyrite is less than and slightly more than that of pyrrhotite and pentlandite, respectively, and chalcopyrite occurs at the rim of the sulfide grains. 
CHEMICAL COMPOSITION OF SULFIDE MINERALS
The chemical compositions of pentlandite and mss were analyzed at the Chemical Analysis Center, University of Tsukuba, using a JEOL JXA -8621 electron probe microanalyzer (EPMA). The conditions during analysis were as follows: acceleration voltage: 20 kV; current beam: 1.0 × 10 −8 A, and beam size: <10 μm. Data for quantitative analysis were processed by the ZAF method.
The chemical compositions of pentlandite and mss hosted in olivine are shown in 
DISCUSSION
In the mantle peridotite, the crystallization of olivine was generally followed by the crystallization of pyroxene. In studies carried out on peridotite xenoliths from the Kurose reef, Abe and Arai (2005) suggested that the equilibrium temperature were in the range 900 -1100 °C on the basis of a two -pyroxene geothermometer (Wells, 1977) . Since the samples of the present study were obtained from a geological environment similar to that described by Abe and Arai (2005) , it is plausible that the lherzolite in the samples of this study crystallized at similar temperatures of 900 -1100 °C.
Experimental studies on the Fe -Ni -S and Cu -Fe -S systems indicate that mss and metal alloys are in the solid phase at temperatures >1100 °C . This indicates that the sulfide inclusions containing mss were trapped as solids, while those containing pentlandites were included in the liquid phase. According to the results of the experiments carried out at 1100 -1150 °C by Ebel and Naldrett (1996) , mss contains ~3 wt% Cu; therefore, the inclusions hosted in olivine with the mineral assemblage of mss + chalcopyrite are considered to have been trapped initially as a solid -phase Cu -bearing mss. The experimental investigation of Kullerud et al. (1969) indicated that pentlandite does not occur as a stable phase Abbreviations: Pn, pentlandite; Mss, monosulfide solid solution; Cp, chalcopyrite. at temperatures >900 °C. On the basis of the equilibrium temperature (900 -1100 °C) of the Kurose mantle xenolith (Abe and Arai, 2005) , it can be inferred that the sulfide inclusions of pentlandite were trapped as a sulfide liquid rather than in the solid phase. With decreasing temperature, the solid phase precipitated from the sulfide liquid. Subsequently, this solid phase isochemically transformed into a stable mineral assemblage at lower temperatures. The crystallization temperatures of mss and pentlandite can be estimated from their chemical compositions on the basis of phase relations in the Fe -Ni -S system. The chemical compositions of mss and pentlandite are plotted in the Fe -Ni -S diagram (Fig. 4) . As shown in Figure 4 , the mss field expands toward the NiS end member with decreasing temperature. Comparing the plot of the FeNi -S diagram and the experimental study (Ebel and Naldrett, 1996) , the chemical composition of mss suggests that the Fe -rich mss, which was trapped as a solid inclusion in olivine at temperatures <1100 °C, crystallized at 1100 -1150 °C, and the mss having equal amounts of Fe and Ni crystallized at 1030 -1080 °C. Chemical compositions of pentlandite in the samples are similar to the composition of the sulfur -rich surface of the sulfide liquid at 1000 °C (Fig. 4) . Since pentlandite has a stable phase at temperatures <865 °C (Sugaki and Kitakaze, 1998) , it is inferred that pentlandite in the samples of this study must have been initially trapped as a sulfide liquid at temperatures of 900 -1050 °C.
The diversity of the mineral assemblages of sulfides in mantle lherzolite obtained from the Kurose reef can be explained as follows (Fig. 5) . At temperatures >1200 °C, no solid sulfides were crystallized. Mss was the first to start crystallizing during the growth of olivine. The trapping temperatures of the Fe -rich mss and mss having equal amounts of Fe and Ni are 1100 -1150 °C and 1030 -1080 °C, respectively (Fig. 4) . As the crystallized mss was trapped in olivine, the residual sulfide liquid changed to the S -poor composition. With decreasing temperature, two phases developed in the sulfide liquid -mss and sulfide liquids with S content less than that of the preexisted sulfide liquid. The formation of these two phases might have occurred several times, resulting in the occurrence of various kinds of Fe -Ni -(Cu) -S liquids. During the crystallization of olivine, the sulfide liquid was either trapped in silicate crystals (sulfide inclusion) or move toward the cavity of the grain boundaries of olivines and/or pyroxenes (interstitial sulfide). On the basis of the compositions of pentlandite, it has been inferred that the trapped temperature of the sulfide liquid is 900 -1050 °C (Fig. 4) . The Cu -bearing mss underwent a subsolidus reaction and transformed into mss + chalcopyrite, and the sulfide liquids transformed into various mineral assemblages with the inversion of pentlandite and subsequent recrystallization at low temperatures (Fig. 5) . Millerite might have formed from the NiS liquid trapped in olivine. This liquid crystallized into mss (NiS end member) at approximately 900 °C and inverted to millerite at low temperatures. The diversity of mineral assemblages of sulfides in the mantle peridotite xenoliths and chemical compositions of the mineral assemblages would have been controlled by the differential crystallization of mss and the time taken for the crystallized mss or sulfide liquid to be trapped in oliv- ine.
The bulk composition of the sulfide grain suggests that the initial sulfide liquid was made up of the S -poor portion of Cu -bearing mss. The metal/S ratio and the atomic ratio of Fe and Ni were estimated to be <1.0 and ~1.0, respectively. The content of Cu was much lower than that of Fe and Ni. A similar chemical composition for the sulfide liquid of mantle origin was suggested by Szabó and Bodnar (1995) . The result of this study suggests that the sulfide liquids in the upper mantle might have a S -poor mss composition with small amounts of Cu.
The sulfide mineralogy of the mantle peridotite xenolith embedded in the alkali basalts of the Kurose reef is somewhat different from that of the other regions in Japan-sulfides in spinel lherzolite xenoliths in the Ichinomegata are dominated by mss (Kitakaze et al., 1999) , and sulfides in the lherzolite xenoliths in the Takashima area are an assemblage of pyrite, pyrrhotite, and pentlandite (Arai et al., 2001) . Taking into account of the experiment (Misra and Fleet, 1973) , these mineral assemblages may suggest relatively lower temperatures of formation than that inferred in this study. The degree of alteration of xenoliths at both locations is higher than that of lherzolite xenoliths considered in this study; this suggests that the both lherzolite xenoliths might have suffered from mantle metasomatism, as reported by Arai et al. (2001) . Figure 2 . The arrows indicate the evolution pathways of sulfide as liquid and solid phases. The sulfur contents of both liquid and solid phases are semi -quantitatively shown. Phases with high sulfur contents are placed in the upper portion and those with low sulfur contents are placed in the lower portion. In order to preserve its chemical composition, olivine trapped mss at a slightly higher temperature. The symbol "(?)" in the sulfide assemblage indicates that there is no report investigating Fe -Ni -Cu -S synthesis experiment associated with high -form pentlandite (Sugaki and Kitakaze, 1998) .
CONCLUSIONS
Sulfide minerals in lherzolite xenoliths in the Kurose reef are dominated by pentlandite; they contain lesser amounts of chalcopyrite, bornite, mss, pyrrhotite, and millerite. Inclusions containing mss + chalcopyrite ± pentlandite are found in olivine, which is considered to have been trapped initially as a solid, while the others were trapped as sulfide liquids. The diversity of mineral assemblages of sulfides in the mantle and the various chemical compositions of the minerals were formed as a result of timing of differential crystallization of mss and the capture of mss or sulfide liquid in olivine. The initial sulfide liquid in the Kurose lherzolite is inferred to be the S -poor portion of the Cu -bearing mss; this suggests that the initial sulfide liquids in the upper mantle might also have similar compositions.
